3 . This pattern suggests that a significant fraction of iodine has escaped from firn cores by volatilization either during storage or melting of firn during analysis. Note that with the DRI continuous ice core analytical, elemental analyses are conducted ~4 minutes after initial melting.
The net surface snow accumulation rates observed in the vicinity of the Col du Dome (CDD) drill site remain far larger than those encountered in polar regions (i.e. >0.50 mwe yr -1 ) and may limit post-depositional remobilization of volatile species in a large upper part of the core. Previous studies conducted on the CDD ice cores explored the importance of post depositional remobilization of some volatile species. For nitrate, Preunkert et al. (2003) showed that the well-marked seasonal cycle characterized by a summer maximum is preserved back to 86 mwe depth. For acetic acid and to a lesser extent formic acid, however, Legrand et al. (2003) reported that these species do not exhibit a clear seasonal cycle along the whole CDD ice core. Still present near the surface, the seasonal cycle of acetic acid tends to vanish further down the core, particularly in snow layers characterized by enhanced acidity from large NO x and SO 2 emissions (i.e., the 1950s to 1980s). Finally, as discussed by Legrand et al. (2013) , among all species that were investigated in the CDD ice, HCHO stands out with a total absence of seasonality in contrast to a summer maximum observed in the atmosphere at sites located at middle elevations in Europe. For instance, a summer-to-winter ratio of three was observed at the Zugspitze Alpine site located at 2650 m asl (Leuchner et al., 2016) . Given high volatility of some of the iodine species present in the atmosphere (HOI), we will carefully examine in the following the possible effect on the observed iodine trends of the decrease with depth of net snow accumulation rates along the CDD cores related to changing origin of the ice.
It has here to be emphasized that the most abundant iodine species in the preindustrial atmosphere, HOI, is a very weak acid (pKa = 10.5). Therefore, in contrast to other weak acids like formic and acetic acids, we do not expect a pH dependence incorporation of this gas into hydrometeor. Thus, the increased acidity of the atmosphere after 1950 resulting from growing NO x and SO 2 anthropogenic emissions would have little impact on incorporation of iodine into precipitation. Also, as discussed in the SI Appendix, the presence of alkaline layers related to Saharan dust events occasionally reaching the CDD site did not significantly affect the iodine concentrations in ice.
We also restricted our CDD measurements to cores with density >0.70 g cm -3 (i.e., ice and dense firn) to minimize (avoid) any bias related to loss of iodine from firn during storage or analysis of cores as seen for Greenland cores. Individual half-year summer and winter iodine means are reported in Fig. S3 , together with annual, winter, and summer ice-layer thicknesses from 1890 to 2000. In this figure, the iodine concentrations observed in layers having a density lower than 0.83 are reported as open symbols. For winter layers, it can be seen that, the iodine concentrations in firn (winters 1978/79, 1979/80, 1995/96, 1996/97, 1997/98, and 1998/99) are rather low compared to those in neighbouring ice layers. The difference between firn layers (1979, 1980, 1981, 1996, 1997, 1998, and 1999 ) is less obvious in summer. These lower losses from firn in summer than in winter may be due to the presence of ice lenses formed by refreezing of percolated water in summer. For safety, firn data were not considered in our analyses.
As discussed above, observations suggest that iodine concentrations in Greenland ice are dependent on the annual snowfall rate, with post-deposition remobilization and loss to the atmosphere the likely cause at least at sites with annual snowfall rates between 0.10 and 0.40 mwe yr -1 . While iodine concentrations in the CDD ice layers increased through time, this increase was parallel to an increase in annual ice layer thickness (ILT), from 0.5 mwe between 1930 and 1950 to 1.5 mwe between 1965 and 1980 ( Fig S3) . Ice flow thinning, which is particularly pronounced in small alpine glaciers such as this, means that annual ILT in the core is substantially less than the amount of snow deposited at the surface each year. For example, model simulations (Gilbert et al., 2014) indicate that the 1930 to 1950 annual layers in CDD have been thinned by ~50%. Because of the uncertainties associated with ice flow modelling of complex mountain glaciers, however, we primarily used ILT observed in the core in our interpretation rather than annual snowfall. To distinguish changes in atmospheric iodine levels through time from potential effects of changing snow deposition rate, we evaluated the iodine record in the ice for different ranges of annual ILT.
During the earliest 40 years of the record (1890-1930), the mean annual ice thickness was only ~0.14 ± 0.08 mwe. After considering ice thinning, these values likely correspond to surface snow accumulation rates ranging from 0.15 to 0.45 mwe yr -1 . However, from 1910 to 1930 iodine summer concentrations did not change appreciably (Fig 1a) despite the wide range of annual thickness ( Fig. S3 and S4 ). During this period, the summer iodine concentration was 0.030 ± 0.005 ng g -1 in samples where annual thickness was high (0.2 <ILT< 0.5 mwe) and 0.020 ± 0.007 ng g -1 in samples in which ILT was lower than 0.2 mwe. A similar small decrease in the iodine level with decreasing ILT was also observed in samples deposited from 1895 to 1910 (0.035 ± 0.010 ng g -1 for 0.1 <ILT< 0.2 mwe compared to 0.027 ± 0.007 ng g -1 for ILT< 0.1 mwe). Thus, although the Col du Dome record suggests a small post-depositional effect on iodine concentrations, we estimate that the summer iodine concentration in the ice increased by 0.01-0.02 ng g -1 from early 1890 to around 1905. This was followed by a decrease of 0.01-0.02 ng g -1 from the early to late 1930s. Annual layer thickness in the CDD record increased in the late 20 th century with only three summer layers of less than 0.5 mwe occurring after 1950 ( . From this analysis it is clear that even though part of the observed trend may be attributed changing snow deposition conditions, the CDD record suggests an increasing trend in summer atmospheric iodine of at least a factor of three from 1950 to 1995.
Seasonal changes in iodine concentration
Summer-to-winter differences in iodine could in theory be related to postdepositional smoothing of the atmospheric signal by diffusion in the firn. Indeed, because of its volatility, a large fraction of total iodine may be remobilized after deposition during firnification. If correct, a decrease in the summer-to-winter contrast would be expected when the distance between two adjacent summer snow layers is smaller, thereby allowing diffusion between high summer and low winter layers. This process would increase with depth because of the overall decrease of the annual (and winter-to-summer) snow deposition observed upstream of the CDD drill site. We calculated the half-year summer to winter ratio (S/W) as the mean half-year summer concentration observed during the two adjacent summers divided by the half-year winter concentration. As seen in Table  S1 , no systematic increase of the iodine winter concentration was observed when the thickness of the winter layer was smaller; instead the main change in winter concentrations seemed to follow those in summer. For instance, despite a doubling of the winter layer thickness from the 1950-1960 to 1960-1970 decades, both winter and summer averaged levels remained unchanged (Table S1 ). Also, the further doubling of the winter layer thickness from the 1960-1970 to 1970-1980 decade was accompanied by an increase in winter levels parallel to an increase in summer.
Influences on atmospheric iodine concentrations unrelated to oceanic emissions
Among other iodine sources that may account for change in the iodine concentration of the CDD layers in the range of 0.01 ng g -1 , coal burning, volcanic activity, Saharan dust and kelp combustion for iodine production have to be considered.
Bettinelli et al. (2002) reported 1 to 4 ppm iodine in coal. Although there are numerous trace elements present in coal including halogens and various heavy metals that were measured in ice, their use is not straightforward to estimate the iodine content of coal combustion fallout in the ice. Indeed, heavy metals are far less volatile than halogens (boiling point of 184°C for iodine instead of 767° for cadmium or 1750°C for lead) and during combustion they mainly stay in fly ash particles whereas iodine is emitted as gaseous HI. Due to its very high solubility HI (a very strong acid) has a shorter atmospheric lifetime than fly ash containing metals. The use of trace metals therefore would strongly overestimate the iodine coal combustion fallout in the ice. Instead, given the short lifetime of iodine, to evaluate the role of coal burning we tentatively compare estimation of iodine coal burning emissions in France with the iodine deposition in alpine ice. Assuming a typical iodine content of coal of 2 ppm and given the mass of coal annually burnt in France between 1890 and 1950 (56,000 Gg, Fig. S5 ), we calculate that 110 tons (i.e., 0.11 Gg) of iodine are annually emitted from France by coal burning. If 10% of emissions are subsequently deposited over France, we estimate that around 10 tons of I are deposited per year on France. Assuming a typical precipitation of rate of 800 kg m -2 /yr -1 in France, we calculate a coal contribution of 0.02 ng g -1 in ice. Even though being uncertain, this calculation suggests that the impact of coal on iodine deposition has to be considered. As seen in Figure S5 , the temporal fluctuations of iodine in ice did not follow those of coal burning emissions suggesting that natural oceanic emissions dominate coal burning. It has to be noted, however, that apart from the 1900-1910 decade possible slightly impacted by volcanic activity (see above), the ice iodine levels that were high in the early 30's when the coal consumption reached 80,000 Gg yr -1 , reached at absolute minimum in the early 40's when coal burning dropped to 40,000 Gg yr -1 . Note also the low iodine ice levels between 1915 and 1920 (Fig. S5) .
Another source of atmospheric iodine was the practice of kelp burning used by the iodine industry along the west coast of Europe (in order of importance: Brittany in France, Norway, Scotland, Iceland, and Portugal). Iodine production reached a maximum in the early 1930s and then decreased to a minimum in 1939 (Cauer, 1939) . For example, iodine production in France was 0.06 to 0.07 Gg yr Finally, it is interesting to compare iodine emitted from coal burning and kelp combustion in France (reaching 0.21 Gg in 1930) with iodine emission from oceanic regions located offshore France. For instance, considering an oceanic area of 300 000 km 2 offshore France (Atlantic and Mediterranean Sea) the annual oceanic emissions in the pre-industrial time (Fig. S6) is close to 1.7 Gg compared to 0.12 Gg from coal burning (Fig. S5 ). Such a difference by one order of magnitude between oceanic and continental emissions would decrease, however, along the transport towards the Alps given the short atmospheric lifetime of iodine. This effect is clear when comparing surface mixing ratio due to oceanic emissions with a huge horizontal gradient for instance between the Mediterranean Sea and inland (Fig. S6) .
Saharan dust
Saharan dust plumes sporadically reach the Alps and can be recognized in Alpine ice as alkaline calcium-rich layers (Wagenbach et al., 1996) . Deposition of these plumes disturbed the level of numerous chemical species in the CDD ice because they either were present in dust at the emission stage or, being acidic, were taken up during transport by the alkaline material (Usher et al., 2003) . Such plumes enhanced deposition of several cations (potassium, magnesium, and sodium) as well as acidic anions (sulfate, nitrate, chloride, fluoride, and carboxylates) (Preunkert, 2001 ), particularly in summer. We evaluated the acidity (or alkalinity) of samples by checking the ionic balance between major anions and cations with concentrations expressed in micro-equivalents per liter (µEq L We emphasize that since calculations were made considering major ion data provided by the continuous measurements but ignoring the presence of mono-and di-carboxylates, the calculated acidity values are underestimated. As reported in Preunkert and Legrand (2013) , the total contribution of carboxylates remained fairly stable through time accounting for ~5 µEq L -1 in summer CDD layers. No significant relationship was found between the iodine content of CDD ice and Saharan dust arrivals. For instance, during the last decade for which summers were marked either by an absence or a large high Saharan dust input, no significant correlation was found between the concentration of iodine and the alkalinity (and/or the calcium content) of ice (R 2 = 0.04). The highest iodine level seen in 1990 (0.27 ng g -1 ; Fig. 1a ) corresponds to an acidic layer (5.6 µEq L -1 ) containing a low calcium content (65 ng g -1 ), whereas the iodine concentration in summer 1999 remained low (0.096 ng g -1 ) despite a large Saharan dust input as indicated by its alkaline character (-8.6 µEq L -1 ) and a high calcium level (280 ng g -1 ). The CDD ice may have recorded other volcanic eruptions including the large 1912-1913 Katmai event (Alaska, VEI of six). The CDD ice record does not reveal outstanding values of half-year summer iodine and sulfate levels over this period. The fact that the Bezymianny eruption may have resulted in a more marked sulfate perturbation than Katmai in the CDD ice is in line with the previous conclusion from Moore et al. (2012) . They showed that, whereas in Greenland Katmai is well recorded and Bezymianny is seen as a small signal, Bezymianny is a prominent event in the ice from Svalbard and Severnaya Zemlya (Akadamii Nauk) (Opel et al., 2013) . Furthermore, it is likely that the Katmai eruption was less rich in halogens relative to SO 2 than the Benzyminaya event. The SO 2 /HCl ratio was not documented for the Alaska zone but to date, a value of the SO 2 /HCl molar ratio of two (instead of 0.1 for Kamchatka) is proposed as an average for the whole subduction zone (Halmer et al., 2002) . 
Volcanic eruptions

